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ROLLING-KMFNTEFFECTIVENESSOF TRAILING-EDGE

SPOILERSATMACHlIUbfBERS2.2 AND5.0

ThomasN. CanningandCharlesE. DeRose

suMMARY

Free-flightmeasurementsweremadeof therollingeffectivenessand
dragoftrailing-edgespoilersonlow-aspect-ratioWZLngswithbothlaminar
andturbulentboundarylayersatMachnumbersof 2.2and5.0. Reynolds
numbersfortherol.ling-effactivenesstestswerefrom1.15milliont-c=. 1.n millionwhiledragi’esultswereobtainedforReynoldsnumbersoffrom
0.24millionto3.50millionbasedonwingchord.

d
As foundpreviously,theeffectof a spoilerdeflectedfromthesur-

faceofa wingisto causeboundary-layerseparationupstream.A region
ofentrappedairisformedbetweentheseparationpointandtheforward
faceofthespoiler.In sectionviewtheflowat supersonicspeedslobks
somewhatMe thatproducedby a wedgewithitsleadingedgeat thesepa-
rationpointanditstrailingedgealongthetopofthespoiler.This
simplifiedmcxleloftheflowisusefulinestimatingtheeffectivenessof
thespoiler.Thenormal forceanddragof thespoilerareroughlyequsl
to thatofa splitflapdeflected15° andof sucha chordas toplacethe
trailingedgeat thetopofthespoiler.

Thepresentdatashowthata changefromlsminarto turbulentboundary
layeronthewingaheadoftheseparationpointdfectstherollingmoments
by increasingtheangleofflowdeflectionanddecreasingthechordwise“q
areaforwing-tipleakage.At M= 5.0, theseeffectsmadetherolling
momentwithturbulentflow35percentgreaterthanwithlwninarflow. At
M= 2.2,thisdifferencewasnotshownconclusively.Wing-tipfences,
addedtoeliminatewing-tipleakage,produceda 20-percentincreasein
rolling-momentcoefficientoverthatfortheplainturbulent-separation
caseat M = >.0anda somewhatsmallerincreaseat M = 2.2.

In thecaseof turbulentboundary-layerflowthedragriseof spoil-.
ers,basedonexposedspoilerarea,wasfoundtobe independentofboth
spoilerheightandReynoldsnumberatbothMachnumbers.Forlsminarflow

. aheadoftheseparationpoint,thedragcoefficientwasgenerallylower
thanthatmeasuredforturbulentfluwandvariedwiththeratioof spoiler

.“
r
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heighttoboundary-layerthickness.
>.

At bothMachnumbers,thelaminar-
flowdragcoefficientwasequsltotheturbulent-flowvalue”atthehighest—
spoilerdeflection.

INTRODUCTION

Oneserious problemindevelopingusefulguidedmissilesliesin .-
~rovidingadequateservopowertoovercometheaerodynamicandinertial.
hingemomentsofthecontrols.me weight-oftheinternalhardware,servo
motors,simplifiers,acctiatorsj etc.,isfixedlargelyby thehinge
momentstobe overcome.Spoilers,becauseoftheirsmsllactuating-force
requirements,appearadvantageousforthosemissileapplicationswhere
theycansupplysufficientcontrol.

Informationontheperfommmceof spoilersat supersonicspeedsis
giveninreferences1, 2,3, 4, and5. Thesereferencesgivedetailed““
informationonthenormal-forcedevelopmentoftrailing-edgespoilers
appliedtowingsofvariousplanformsandsweepatMachnumbersbelow2.6.
In general,thesereferencesshowthatthespoilersdevelopnormalforce
comparabletothatproducedby flap-typecontrolsonairplane-i~ewings
atMachnumbersbelow2.6.It istheintentofthisinvestigationta
extendtheexistingdataon trailing-edgespailersintworespects:(1)to
investigatethecontroleffectivenessof spoilersonaspect-ratio-1
missile-typewingsin theMachnumberrangefrom2.2to5.0,and(2)to
measurethedragpenaltyof spoilerdeflectionwithbothlsminarandtur-
bulentflow.

Thecapabilitiesofa spoilerastheprimarycontrolsurfaceof a
canardair-to-airmissileandanapplicationof spoilersasunbalancing
servotabstoeliminateaerodynamichingemomentsonsn all-movablecontrol
arediscussedinanappendix.

-.—
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—
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SYMBOLS

A frontalareaofcrosssection.ofringspoilermodel,sqft

a frontalareaof spofler,sqft J.—

b wingspan,ft

Q
dragforce .:

dragcoefficient,
—

Aq .

spoilerdragforce .
ACD drag-risecoefficient,

_-
z–aq
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hinge-momentcoefficientat controlshaft,
hingemoment

qsc

rollingmoment
rolling-momentcoefficient,

qSb

%p

Cm

c

d

e

f*

h
.

k

Ix

Ih

Lb

h

M

KP

P

~

R

. s

tm

v

dsmping-in-roll

3

pitching-moment

wingchord,ft

coefficient,
pitchingmoment

qsc

bodydiameter,ft

error,8 - bi,deg

frequencyofpitching

spoilerheight,ft

constmt

oscillation,Cps

rollingmomentof inertiaofmcdel,slug-ft2

effectivemomentof inertiaofsll-movablewingabouthingeline

rollingmomentdueto spoilerdeflection,ft-lb .

rollingmomentduetoro13ingvelocity,ft-lb

Machnumber

pressureincrementabovesmbientpressure,lb/sqft

rollingvelocity,radians/see

@lSDliC pRSSUre, lb/sqft

Reynoldsnumberbasedon free-streampropertiesand~-chord
length

totalexposedareaofwingpanels,sqft

time,sec

velocityofmodelwithrespecttoairstream,ft/sec
~+> .-.

~~~
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angleofattack,radians

deflectionangle,deg

desireddeflectionangle,deg

airdensity,slugs/cuft

rollangle,deg

Subscript

conditionsat t = o

1.

FACILITIESANDTECHNIQUES

Thetestswhicharethesubjectofthisreportwereconductedinthe
Amessupersonicfree-flighttindtunnel.Thisfacilityisa shortballis-
ticrangeinsidea variablepressure,supersonic,blowdownwindtunnel.

@

In thistunnel,modelsarefiredupstreamthroughthe15-foot-longtest
section(froma gunlocatedinthediffuser)inorderto obtaindataat
~ch numbersabove3. Forlowerspeeds,themodelsarefiredthroughstill
air. Theaerodynamicdataareobttiedfromtimehistoriesofthemodel
motionas recordedby fourshadowgrayhstations,a chronograph,anda
high-speedmotion-picturecamera.Detailsoftunneloperationaregiven
in reference6.

Models

AM ofthemodelsusedinthisstudywerefiredfroma rifled37-mm
cannon.Twosetsofmodelswereusedinthisinvestigation;thefirst
wasusedformeasuringthespoiler-aileroneffectiveness,sndthesecond
formeasuringthedragincrementresultingfromspoilerdeflection.

Thefirst set ofmodelshadcone-cylinderbodiesofrevolutionfitted
tithcruciform,rectangularwingshavinganaspectratioof1. Dimensions
of thesemodelsaregiveninfigure1. Themodelbodiesweremadeof

-,

aluminumandmagnesium.Thenosewasballastedwithbrassandthebase
drilLedwithlighteningholes;togivea stablecenter-of-grati~position.

.

Thewingsweresteelandwerecontinuousthroughthebodyinorderto
promotestiffness.Spoilers,madeof steel,werepinnedandbrazedtothe R
wingtrailingedges.Spoiler-ailerondeflectionsofO,0.02c,O.Ob, and
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0.O& weretestedonthebasicconfiguration;typicalmodelsareshown
infigure2. Modificationsto thestandardmcxlelsconsistedofpolishing

. thewingsurfacesor cuttingsaw-toothnotchesintheleadingedgesto
promotelaminaror turbulentflow; wing-tipfenceswerealsomountedon
severalmodelstoevaluatetip-losseffects.A modifiedmodelwithO.O&
spoilerheight,saw-toothleadingedge,andwing-tipfencesis shownin
figure2(b).Mostoftheabovemodificationsweretestedon the
h/c= O.O& models.

Themodelsusedformeasuringprofiledragwereofthetypeshownin
figure3 - thin-walledtubesflownwiththeiraxesparallelto thestream.
Thesemodels,whichwillbe referredtoas ringmodels,weremachinedfrom
solidbarstock.Inorderto controlthedecelerationinthewind-imnnel
testsection,aluminumwasusedforthelow-dragconfigurationsandsteel
forthosehavinghighdrag. Laminarflowwaspromotedby polishingthe
surfaceof somemodelsandturbulentflowwasinducedon othersby tripping
theboundarylayerwithfinescrewthreadsneartheleadingedge.

Alltheringmodelsthatwereexpectedtohavetransitionoccurring
ah-d ofthespoiler,whethertheflowaheadof separationwaslsminaror. turbulent,wereequippedwithboundary-layertripsneartheleadingedge
on theinsidesurface.Thisassuredturbulentflowonbothsidesofthe
trailingedgeandmadeit simplertoestbte thebasedrag..

Bothsetsofmodelswerefiredfroma rifled37-inngun.A complete
assemblyofmodelandsupportforlaunchingis showninfigure4 forthe
aileronmodel,andinfigure5 fortheringmodel.Theaileronm~els
werekeyedtothesabottoprovidea positivedriveforspinningandto
preventthewingsfromrotatingintothefingers.Theringmodelsrelied
onfrictiondrivefortheirrotation.

TESTINGTECWQUES

RollingMoment

Intherolling-momenttests,a high-speedmotion-picturecamerawas
usedtophotographa nearlyhead-onviewof themodelstiouettedagainst
thereflectorofa largesearchlight.Thefilminthiscameramoves
steadily,insteadof intermittently,andtheimageistraversedwiththe
film. Thehistoryof rollpositionalongwithtimingmarksmadeonthe
filmby anargonldp flashingata controlledfrequencypermitteddetermi-
nationofrol-g accelerationduetoailerondeflection.Thearrangement
ofequipmentusedforthepresenttestis showninfigure6..

Themodelsw~relaunchedwiththespoilersdeflectedtoproduceroll
. oppositetathatimparted

tionedinthewind-tunnel

—

.-

by theriflingofthegun. ThegL@wassoposi-
diffuserthatthemodel,decelentinginroll

-,
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undertheconibinedeffectsofdampinginrollandspoilerdeflection,
reachedzeroora verysmallrolJ-rateinthecenterofthetestsection.
ThisfiringplsnwasusedtokeeptherollingmomentduetorolLingvery
smallduringthetimedatawereobtained.

A portionofa typicalfilmrecordshowingsuccessiveframesand
timingmarksisgiveninfigure7. In thisfigure,itispossibleto see
evensuchfinedetailsas thewing-tipfences.Inthisparticularfilm
record,themodelhas just re:ersed roll directionandhasa counterclock-
wiserollvelocityofabout2 perframeor170radianspersecond(wimg-
tiphelixangle= 0.004radian).A samplero12.positionversustimerecord
isgiveninfigure8whichshowsveryclearlythisreversalofroll
direction.

Thenetrollingmcmentactingonthemodelisgivenby

(1)

Iftherollingmomentduetorollingiskeptsmallwithrespecttothe
momentdueto spoilerdeflection,thetotalmomentactingonthemodelcan
be assumedconstsntsince@ isconstsntand ~ variesonlyslightly.
Thus

A

(2)

Integratingtwicegivestheequationforrollpositionasa functionof
time.

(3)

Thedataobtainedarefittedtoequaticm(3)bya least-squarespro-
cedureto obtaintheconstantsqo,@ , end$

??
whicharetheveluesof

rollposition,velocity,andaccelemionat he centerofthelengthof’.
thetestsection.From ~o,thevalueof Lb - Lp isobtain@frcm
equation(2). Therollingmomentduetorolling,~, iscalculatedfrom
theaveragevalueoftheroltigvelocity,+.. Thisvalueof ~ was
usuallylessthan10percentof h andinna”casediditexceed25per-””
centof La. At M= 2.2,dampingtirollwasmeasured~rimentally
for h/c= O inordertoevaluate~ fortheotherconfigurations.The
theoreticalvalueofdanipinginrollgivenby reference7 wasusedat
M= 5.0becausei,t”wasriotpossibleto obtaina valueof CZP experimen-

.

tally.,Theuseoftheoryherewasbelievedjustifiablebecauseofthe
smallsizeofthedamping-in-rollcorrections. u
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Dm.g

Dragofthemodelswasdeterminedby measuringaxialdeceleration.
Theshadowgraph-chronogra~heqtipmentdescribedin reference6 wasused.
Thechangeinprofiledragduetodeflectingthespoilerswasobtainedby
measuringthedifferenceindragbetweena testm- witha spoilerand
a taremodelwithoutone. Thisexperimentaldifferenceindragwascor-
rectedforsmalldifferencesinmodelgeometryandtestconditions.

Accuracy

Fortherolling-momenttests,imperfect,finslinementisthegreatest
potentislsourceoferror.However,tominimize errorsfromthissource,
allfinswerecheckedwitha dialindicatorpriorto testandwere
straightenedtowithin0.001inchina chordlengthofO.@LOinch.An
additiveerrorinftislinementof0.001inchonallfourfinswouldintro-
ducea 10-percenterrorin Cl for h/c= 0.02c at M= 2.2 sadabout

. m 18-percenterrorat M = 5.0forthesamespoilerheight.k h/c
increases,thepercenterrorin Cl decreases.Thesevaluesof10-percent
and18-percentpossibleerrorarean absolutemaximumandit isbelieved

* thatthereslerrorfrcmthissourceis“oftheorderof 5 percentsince
themisalinementwasneversystematicandwasusuallybelowthevslueof
O.W1 inch.

Anothersource oferrorarisesfromthefactthatthemodelsinfree
flightexperiencesmalloscillationsinbothpitchandyaw,usuallyless
t- 6°. EFhis error,however,isbelievedtobe smallsincetherewas
no correlationbetweenmeasuredrollingmoment
osciUation.

Theprobablerandomerrorsinmeasurement
dimensionsarelistedbelow.

v= 0.5percent
b = 0.1percent
d = 0.1percent
t = 0.2percent.
S = 0.05percent
Ix= 0.5percent
cp= 0.010radians

andamplitudeofpitching

oftestconditionsandmodel

Inviewoftheaboveestimations,itisfeltthattherol.ling-~ment
cufficientsarecorrectwithin*6percentat h/c= 0.02.

In thecaseofthedragmeasurements,therearenoknownsystematic* errorsof consequence.Thedecelerationoftheringmodelswassufficiently

&~Y!Z
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greattoallowaccuratemeasuremerrtofdrag. Theprobablerandomerrors ‘-
inmeasurementofmdel dimensionsarecomparablewiththoselistedfor
therolling-momenttests.Themeasurementsof totaldraghada scatter .

of*2percent.Sincetheincrementalspoiler.dragcoefficientsare
u.

obtainedasa differencebetweentwoexperimentalvalues,theerroris
smplified.Forspoilerslargerthan0.02c,theincrementdragdataare
th~ughtb be cor~ect

and
Thevariationof
M = 2.2infigure

towitkdn*6percent.

RESULTSANDDISCUSSION

RollingEffectiveness

Cl withspoilerdeflectionisplottedfor
9 formodelshavingwingsofthreedifferent

M = 5.0
degrees

of surfacesmoothness. Thedatafor M = 5.0(fig.9(a))appeartobe
stronglyinfluencedby thesurfaceroughnessofthew%@. Thehigher
effectivenesspointswereobtainedfrommodelswithsaw-toothwingleading
edgessndwithsomeunmodifiedmodels.Lowereffectivenesswasnotedfor —
modelshavingpolishedwingswithsmoothleadingedges.Someunmodified
modelsalsoexhibitedthisreducedeffectiveness.Theeffectivenessof 4
thespoilersapproachesthat~cted ofthehypothetical,variable-chord
splitflapUT toO.Okc deflection.A reducedeffectivenessisshownby
polishedmodelsatlargespoiler.deflections.

t.

Thesaw-bothwingleadingedgeshaveproven,inprevioustests,to
prcducefullyturbulentboundarylayersundertheconditionsof theyresent
test. Thattheboundarylayerremainedlaminartotheseparationpoint
onthepolishedwingswaslesseasilydetermined.Observationsofthe
wing-tip-leakageflowinthelattercaseshowa briefrunwithouteddies,
followedby transitionandturbulentflowaheadofthespoiler(see
fig.10(a)).Intheabsenceofotherevidence,thisflowpatternwas
assumedto indicatelaminarflowovertheentirewingsurfaceaheadof
theseparationpoint.Thecontrastbetweenthisflowpatternandthat
withsaw-toothleadingedgeis showminfigure10. In severalcases,
notablythoseinwhichthemodelsweretestedintheunmodifiedcondition,
thebounda~layerappearedlaminaron somewingsandturbulentonothers.
On several.ofthesetestswithuncontro2.le&wingroughness,therolling
momentsfellbetweentheextremessetby themodifiedmodels.

Theabovediscussiononaileroneffectivenessat M = 5.0alsoapplies
to thatat M = 2.2,exceptthattheeffectsofboundary-layertypeare
notadequatelydefinedatthelowerMachnumber.Thedatathattire

. recordedindicatea somewhatsmallereffectofboundary-layertypeat
M= 2.2. Itwill.be pointedoutlaterthatthedifferencein separated-
regionprofilebetweenlaminarandturbulentflowat M = 2.2isdecidedly q
lesspronouncedthanat M = 5.0,exceptat extremelysmallspoilerdeflec-
tions.Henceitisnotsurprisingthattherollingmomentsat M = 2.2
arenotsensitivetothischangeofboumdary-layertype.

.
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At h = 0.04c,a modelwithpo~shedwings

9

tibited thelargest
rollingmomentfor-thisspoilerheight(seefig.9(b)).Observationof
thewing-tip-flowpatternsforthistestindicatedthattheboundarylayer ___
wasturbulentonat leastthreewings.Therefore,thistestisnotin
disagreementwiththeremainderof,thedata.

As willbe discussedatlengthina latersectionof thisreport,the
increaseinailerbneffectivenessgainedby fixingtransitionat thewing
leadingedge,particularlyat M = 5.0,wasnotentirelyexplainableon
thebasisof simpletwo-dimensional-flowconsiderationsalone.An addi-
tionaldifferencebetween”thetwocasesliesinthewing-tipleakagein
“theseparatedregion.Figure10 showsthattheregioninwhichwing-tip
leakageofentrappedairoccursismuchlargerinthecaseoflaminar
flow. Inorderto seeif thisleakageinfluencedtheeffectivenessenough
to explaintheremainderof thelaminar-turbulentdifferenceseveralfixed-
transitionmodelswereequippedwithwing-tipfences.Pictorialevidence
thatthiswaseffectiveinreducingleakageis giveninfiguresn(a) and
n(b). Therollingmomentsforthesetestsaregiveninfigure12 along
withthepreviouslyshowndataforsimilarmodelswithoutfences.The
fencesincreasedtherollingeffectivenesssome20percentat M = 5.0.
Thissuggeststhatthec&nge in tipleakagewastheprimarydifference
betweenthelaminarandturbulentboundary-layercases.Onemodelwith
polishedwingswasequiypedwithfencesandtestedsuccessfullyat
M= 2.2. Thistestpointisgiveninfigure12(b).In thiscaseitwas
impassibletodeterminethepresenceorabsenceofboundary-layertransi-
tionsincethewing-tipleakagewassuppressed.Therolling.mgment~ib-
itedby thismodelwasessentiallyequalto thatforsimilarr@@stith
saw-toothleadingedges. ..

Theaileroneffectivenessoftrailing-edgespoilershasbeentreated
above.An evaluationof spoilersas pitellcontrols,bothas aerodynamic
servosonall-movablewingsandas directcontrols>hasbea madeinthe
appendixusingthe@ta gfreference4. Theservoconfigurationpromises
tohavegreateffectivenesswithinsignificanthingemcments.Thedirect

--

controloffersmuchlowereffectiveness.

Two-DimensionalFlowandProfileDrag

ThusfarthecombinedeffectsofMachnumberandboundary-layertype
on spoileraileroneffectivenesshavebeentreated.Of comparableimpor-
tanceistheeffectof theseparameterson thedragofthespoilersin
theabsenceoftipandfuselageeffects.Withthechangeh boundazy
layer,thereoccursa strikingchangeinflowpattern,a changewhichis
quiteclearlyshownintheshadowgraphsof ringspoilermodelsinfig-
ure13. Forexample,figures13(a)and13(b)comparetheflowpatterns
withlaminarandturbulentboundarylayers,respectively,at M = 5.0and
h/c= 0.04. Theseparationpointforthelaminar-flowcaseisfarforward
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(hereat theO.45c point)whiletheseparationfortheturbulent-flow
modeloccursat the0.85cpoint.Theshockwavefromtheinitialflow
deflectionismuchweakerinthecaseofkntinarflowthanforturbulent
flow. Downstreamofthelaminarseparationpoint,eddiesdevelopinthe
entrappedairandtheseparatedboundarylayerundergoestransitionwell
aheadofthespoiler.Additionalcompressi~,muchgreaterthantheini-
tialcompressionat laminarseparation,occursat transitionandisevi-
dencedby thestrongshockwavesemanatingfromthisregion.Thepressure
riseinthelaminar-separationregionis smallcomparedto thatinthe
turbulentregion.Hence,whentransitionoccursbetweenthela.minarsepa-
rationpointandthespoiler,themainpartof theinducednozmalforceis
associatedwiththeturbulentportion.Infigures13(c)and13(d),the
samecomparismismadefor M= 2.2. Here,-thesamedifferencesinflow
occurasat M = 5.0,butthedifferencestienotsopronounced.

Figures13(e)and13(f)showadditionalshadowgraphsoflaminar-and
turbulent-flowseparationat M = 5.0,butat a smallerspoilerdeflec-
tionthanshowninfigures13(a)and13(b).Infigure13(e)theboundary
layerremained~r overthetopofthesyoilerandbeyondthebase.
Figure13(g)showsthatlaminarflowcanbemaintainedovera smallspoiler
at M = 2.2also,butthiswasobservedonlyat verylowReynoldsnumbers.
Figures13(e)and13(g)areforthesamespoilerdeflection.Figure13(h)
showsoneof thelongermodelsandillustratesseparationofa laminar
boundarylayerat M = 2.2. An additionalshadowgraphofa ringspoiler
modelshowinga broaderviewof thewakeandtrailing-shock-wavesystem
isgiveninfigure13(i).

Whentheseparationpointmovesbackalongthewingbecauseofa
changefromlaminartoturbulentboundarylayer,twoquantitieswhich
governtheincrementalnormalforceareaffected:thepressureinthe
separatedregionandtheareaoverwhichitisapplied.Thesetwoquan-
titiesarequalitativelycompensating- as thepressureincreases,the
areadecreases.Estimatesoftheover-alleffectofthechangein sepa-
rationpointon incremental.normalforceactingon thewingsintwo-
dimensionalflowweremade. Theloadingcorrespondingto inviscidflow
overa wedgeextendingfromtheseparationpoint”tothetopofthespoiler
wascalculatedfromeqpationsforobliqueshockwaves.Thisloadingwas
thenconvertedtorolling-momentcoefficientforthepresentaileron,.
models(wing-tiplossesneglected)andisplottedinfigure14 as Cl
versustheseparationpositionfor h/c= 0.08. Thevaluesof CZ in
thisfigurearefortuitouslycloseto theexperimenkllyobtainedvalues
for h/c= 0.08.As theseparationpointmovesbackandtheangleof
flowseparationincreases,thecalculatedrollingmomentincreasesbecause
theincrementalpressureincreasesfasterthantheaffectedareadecreases.
Thisisconsistentwiththeobservedrelationbetweenrollingmomentswith
laminarandturbulentflow.Quantitatively,thecalculatedeffectof
movingtheseparationpointfromO.1OCto0.70c is somewhatsmallerthan
theexperimentaldifferencebetweenlaminarandturbulentcasesat
M= 5.0. Also,theassumptionofa flatwedgefillingthespacebetween

.

1.
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—
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theseparationpointandthespoilerisnotstrictlyjustifiable,partic-
ularlywithlaminarflow,sincetransitionusuallyoccursaheadofthe
spoiler.Theadditionalcompressionthatoccursat transitionmakesthe
laminar-flowconfigurationmorenearlyequivalenttothatwithturbulent
flow.

Itwasfoundthattheincrementaldragdueto spoilerdeflectioncould
notbe measuredaccuratelywiththeaileronmodelsbecause theirdeceler-
ationsweremarginal,andappreciablecorrectionswererequiredfordrag
duetolift. Theringmodels,therefore,wereintroducedprimarilyto
makepossibleanaccuratemeasurementof thedragpenaltyforspoiler
deflection.Thedragdataobtainedwiththesemdels areplottedin
figure15againstspoilerheight,forlaminarandturbulentflowat the
twotestMachnumbers.Thedragassociatedwiththekrger spoilersis
seentobe largecomparedtothedragofthecleanconfiguration.At
eachMachnumber,theReynoldsnumberisconstantat thevaluesshown.
Crossplotswereusedto correctthedataforsmalldeviationsfromnominal
Machnumber.At bothMachnumbers,twocurvesforlaminarseparationare
presented.Withsmallspoilerdeflections,theflowremainedlaminar
beyondthespoiler;inthiscase,theinsidesurfaceoftheringwaskept
smooth.Withlargerspoilerdeflections,transitionto turbulent-boundary-
Iayerflowoccurredaheadofthespoiler;heretheinternalboundarylayer
wastripped.‘Ibismatchingof internalflowwasdoneinordertofacili-
tateestimationofthepressureactingonthebase. (Seesectionon
models.)

Thedragcoefficientsinfigure15arebasedona constantreference
area,namelythefrontalareaofthemodelwithzero control deflection.
Itwouldhe expectedthattheincrementaldragofthespoilerwouldbe
primarilya functionoftheerposedfrontalareaofthespoilerandthus
thedatahavebeenreplottedinfigure16as incrementaldragcoefficient,
basedonexposedspoilerfrontalarea,versusspoilerdeflection.With
turbulentboundarylayer,figure16(a.),theincrementaldragcoefficient
is constantat eachWch number,independentof spoilerheight.To see
ifchangingtheReynoldsnumberwouldaffectthisresult,testsweremde
witha threefoldincreaseofReymoldsnumber.Theresultsshowedno
effectofthischangeh Reynoldsnumber.Withlaminarflow,figures16(b)
and16(c), ACD wasno longerconstant; ittendedto increasewithincreas-
ingspoilerdeflection.Furthermore,therewasan effectofReynolds
nwiber.

SincebothspoilerheightandReynoldsnumberaffectedtheincremental
dragcoefficientwithlaminarflow,itwassuspectedthattheircombined
effectsmightbe correlatedonthebasisof theratioof spoilerheight
toboundary-layerthickness,whichisproportionalto (h/c)~. Thedata
areplottedinfigures16(b)and16(c) inthisform. Theratio(h/c)@
wasmadetovaryprimarilyby varyingh. Additionalpointswereobtained,
however,by varyingtheairdensity(seefig.13(g))andby changingthe
modellength(seefig.13(h)).As seeninfigure16(b),M. 2.2, the
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incrementaldragcoefficientsforallconditions
latedwhenplottidagainst(h/c)@.
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werereasonablycorre- —

Thevariationinflowpatternwithvariationin (h/c)~, as observed
in shadowgrs,phsof ringmodels,wasas follows.At smallvaluesof.
(h/c)~, thetransitionpointwasdownstreamofthespoilerandthe
streamlineslopejustoutsidetheseparatedregionwassmll. With
increasingvalues of (h/c)~, thetransitionpointmovedforwardahead
of thespoilerandthesloyeoftheboundarybetweenentrappedandmoving
airincreaseduntil,ata valueofabout60,thetransitionpointat
M= 2.2coincidedwiththeseparationpointWd theentralpedairspace.

hadthesameappearanceas thatforturbulent-flowseparation.Herethe
twoincrementaldragcoefficientscoincided.

TheincrementaldragcoefficientforlaZdnarflowat M . 5.0is
plottedinfigure,16(c)againstthevariable(h/c)~R andtherelation-
shipis similarto thatat M = 2.2. Eowevei,ata spoilerdeflectionof
about0.07c((h/c)G= 106),theseparationpointforlaminarflowwould
be neartheendof-thebiconvexleading-edgeLsection.Fora spoilerheight
ofO.O& theboundazylayerseparatedat thispoint;thustheangleof
flowdeflectionwasprobablylargerthanitwouldhavebeenhadthemodel
beenlonger.Inrecognitionof thischangein separationangle,theslope
of thedragcurveinfigure3.6(c) wasmadediscontinuousat (h/c)K= 106.

Forcomparisonwiththedragvalues in figureI-6, therehasbeen
includedthetheoreticaldragofa variable-chord15°splitflapwithfully
attachedflow.Withturbulentflow,thespoilerandflapdragarecompa-
rablethoughthespoilerdoesshowhigher,drag.Withlaminarflow,at
smalldeflections,thespoilerdragis smaller.Whilethesyoilerdrag . ‘-
isnormallylesswithl.aminarthanwithturbulentflow,itwillbe recalled
thattherollingeffectiveriessinthelaminar caseisalsolessthanthat
withturbulentflow.

13ecauseof itsfundamentalinterest,thededucedaveragevalueof
AP/q onthefrontfaceofthespoilerisalsoylotted(fig.17). The
basedragwasestimatedfromreferences8 and9 andsubtractedfromthe
totaldrag-risecoefficient.Thevariationof skinfrictioncausedby
changesinwettedareaontheringmodelswasestimated
reference10. Theskin-frictioncorrectionsweresmall
errorin LSP/qwouldresultfromevena grosserrorin
basedragwasaboutk(lpercentaslargeas thepressure
‘at M = 2.2andabout15percentas largeat M = 5.0.
basedmg of20percentisassumed,thevalueof M/q
by 8 percentat M = 2.2andby 3 percentat M= 5.0.

fromdatain
andnoappreciable
estimation.The
dragonthespoiler ‘“
Ifan errorin
wouldbe uncertain
Thevariationof

Al?/qlooksverymuchthesameasdidthespoiler@g-rise coefficient
butmaybe of greaterinterestbecauseof itscloserrelationshipto con-
ditionsin.theseparatedregion.

.
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*
Inrunningthesetests,theincreasedstabilityofthelaminarbound-

arylayerwithincreasedMachnumberwasveryclearlyshown.At M= 2.2,
7 transitionto turbulentflowoccurredaheadofthespoilerforallvalues

of (h/c)~R shove12whileat M = 5.0,thetransitionpointmovedahead
ofthespoileronlyaftera valueof (h/c)@ of 60wasreached.Also,
inordertopromotetransitionontheringmodelstestedat M = 5.0,the
screw-threadtripshadtobe cuttwiceas deepas thoseon the M = 2.2
modelsandtheR=ynoldsnumberperinchhadt:be increasedby a factor
of 2 by doublingthestaticpressureinthetunnel.

CONCLUSIONS

Free-flightmeasurementsof rollingmomentsanddraghavebeenmade
of trailing-edgespoilersonaspect-ratio-1wingsat Machnumbersof 2.2
and5.0andReynoldsnumbersfrom0.24millionto 3.50millionbasedon
wingchordwithbothlaminarandturbulentflowaheadoftheseparation
point.

. 1.
to that
edgeis-1

2!.
moments.A 35-percentincreasein rollingummentwasobservedforturbu-
lentflowoverthatforlaminarflowat M = 5.0.

Theconclusionsreachedaregivenbelow.

Trailing-edgespoilersgiverollingmomentsanddragcomparable
calculatedfora 15°variable-chordsplitflapwhosetrailing
deflectedtotheheightof thespoiler.

Thechangefromlaminartoturbulentflowaffectstherolling

3. Wing-tipfences,by eliminatingtiyleakge,produceda 20-percent
increaseinrolling-momentcoefficientonmodelshavingturbulentboundary
layers.

4. Thespoilerdrag-risecoefficientwasindependentof spoiler
heightandReynoldsnuniberforbothMachnumberswhentransitionwasfixed
aheadoftheseparationpoint.Inthecaseoflaminarflowaheadof sepa-
ration,thedmg coefficientwaslowerthanthatmeasuredwithturbulent
flowforspoilerheightslessthanO.O&.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Calif.,June15,1955
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TWOSPOILER-CONTROLCONFIGURATIONS

Thespoiler,inconmonwithotherwing-trailing-edgedevices,has
verylimitedcapabilitiesat supersonicspeeds.If therequiredcontrol
ormaneuveringforcesaregreaterthanobtainablewiththesedevices,one
alternativeistouseall-movablewings.These,inturn,requirepower-
fulactuatorstoovercomelargehingemomentsandarecostlyintermsof —
weightandcomplexity.

Thepossibilityofusinga spoilerasanaerodynamicservoto operate
andstabilizeanall-movablecontroldeservessomeattention.!lhefollow-
ingdiscussionisnotan attempttoapplythisconcepttoa realdesi~,
but,instead,isintendedto illustratethesortofperformancewhichmight
be expectedof sucha systematMachnumbersbelowthehypersonicrange.
Forcontrast,an estimateoftheeffectivenessofa spoileras a direct .
controlona missileisincluded.

*

ZeroHinge-MomentServo .A-

Thecontroltobe consideredconsistsofan all-movablewingwhich
isactuatedandstabilizedbymeansofa mechanicallylinkedtrailing-
edgespoiler.Intheinterestof simplicity,themotionofonlythewing
andspoilerwillbe considered;thefuselagewillbe assumedtoundergo
no changeinattitude.Theexternalshapewaschosensimilarto thewing-
spoilercombinationof reference4 (seefig.18(a))sothatdatafromthat
referencecouldbeusedinthisanalysis.Thesedatashowthatthespoiler
canbeusedtoactuatethewingwithoutgreatlyaffectingitslifting
capabilities.Thelinkageisdiagramedinfigure18(b).Thewhg is
mountedon itshingeaxis,freetorotate,anditsequilibriumposition
is controlledby theinducedpressurefieldofthespoiler.To control
thewing,onlythespoilerisactuated.Ifthewingisdisturbedfromthe
desiredsettingofthecontrolhub,bi,thespoilerisautomtkallymoved
soas toproducea loadonthewingwhichtendstoforcethewingbackto
thedesiredsetting.Thesenseofthegear@, then,is suchthatifthe
wingtrailingedgeismised,by a gust,say,thespoilerwiJJ_moveup
relativeto it (seefig.18(b)),andtheresultingpressurefieldonthe
uppersurfacewill.tendto opposetheupwardmotionandminimizethe
error e. Theerrm, e,whichisthedifferencebetieenthecont~lhub -
settingbi andtheangleofattackofthewing,willbe zeroat equilib- .

riumfora balancedwing,thatis,a wingwithitscenterofpressureon
thehingeline. Foramunbalancedwingat equilibrium,theerror e will
be a functionoftheunbalancingmomentthathastobe overcomeby the
spoiler.At alltimesthatthiserror e exists,thespoilerwillbe

.

.
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deflectedsoas to reduceit. Thistendencyto
tionaboutthedesiredpositionbi isusedto

15

stabilizethewingposi-
controlthepositionof

thewingrelativetothemissileaxis;Gi is setand e isautomatically
minimized.

To seewhatresponsecharacteristicsthistypeof systemwouldhave,
a samplecaseisnowdevelopd.Bothbalancedandunbalancedwingcombi-
nationswillbe investigatedat M = 1.96. Inordertopicka hinge-line
locationforoperation,theexperimentalcater ofPressureof~s ~ing
at M= 1.41isused;thiswasapproximatelythe0.378-chordpointfor
allvaluesof 5 up to 10°. Thus,thedesignMachnumbercanbe consid-
eredtobe 1.41andthecalculationsareforthecaseof extremeoverspeed
flight.At M= 1.96,withthehingelineat 0.37&,thewinghasrestor-
ingpitchingmomentsbelowapproxhately15°deflectimas is shorn ~
figure19. The effectofassumingthesemomentstobe zerowiU also
be treated.Intheoff-designcase,M = 1.96,wingpitchingmoments
unbalanced,thespoilermustnot’onlyovercometheinertialmoments,but
mustbalancetheaerodynamicmomentsofthewingaswell. Thegearing
of thelinkagesystemforthissamplecalculationwaschosensuchthata
spoilerdeflectionof h/c= 0.04resultedfroman errorof1°. This
gearinglimitsthetrimerrortoabout1°at thechosenconditions.The
pressurefieldofthespoilerwasassumedtoactat the90-percent-chord
point. Thisassumption,basedonthe15°wedgeanalogymentionedinthe
bodyofthereport,wasmadeto siqlifythecalculationofnaturalfre-
quencyof oscillationin e aboutthetrtipositionb. me w@ed
natural.frequencymaybe expressedsimplyas

f=ke

inwhich @ isthes%bilizingcontributionofthespoilerand ~
is the contribution,stableorunstable,ofthewingalone.Clearly,
C% + Cma islessthsa O ifthesystemis staticallystable.The
importanceofthisnaturalfrequencyisthattheresponseof thecontrol
improvesas thenaturalfrequencyincreases.Thessmplewingwasa
6-percent-thick,half-solid,aluminumwing. Thepl.an-formareaw’as
1.5squarefeetper_psnel.TheflightconditionswereMachnumiberof
1.96andaltitudeof40,000feet. Thenaturalfrequencywascalculated
tobe 36cyclespersecondat b . 0°,39 cyclespersecondat b = 4°,
andabout27 cyclespersecondat 5 = 150. Theapproxtiteresponse
curveforthisunbalanced-wingcaseforan inputsignalcallingfora
changeof b from0° to 5°,movingthecontrolarmat 880persecond,
isgiveninfigure20(a).As a comparisonto theaboveresult,the
responsecurveforthebalanced-wingcase,h

8
assumedzero,is given

infigure20(b).Herea tingdeflectionof 5 wasobtainedabout14per-
centfasterthanfortheunbalancedconfiguration.Inbothoftheabove.
cases,aerodynamic-tig wasi~ored~

~o*~~r
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Theinputrateforbothcaseswaschosensuchthattheovershootwould
notexceed1°. Thisrequirementcouldbe retiedinordertopermitfaster
inputs.Thespoilerdeflectionwuld occasionallyexceedO.O& inthis .

caseor,if stopswereprovided,wouldrideon thestops. .-

DirectControl

Thecapabilityofthesamespoilerconfigurationusedasa primary
controlinsteadofas a servoisalsoof interest.Inthisconfiguration
thespoilermustcauserotationoftheentiremissileinsteadofthewings
only,buttheavailablemomentarmisenoughgreatertooffsetsomeof
t’hisdisadvantage.Inordertoinvestigatethispoint,calculationsof

—

thetimetopitcha missileto12°angleofattackweremade. Themissile -.
chosen(seefig.21)was10 feetlongandweighed250poundsandhadfixed
canardfinsmountingtrailing-edgespoilers.Theflightconditionsassumed
were M = 1.96 at 40,000feetaltitude.Thecanardconfigurationwas
chosenbecausethespoilersaredeflectedtowardthehigh-pressureside
ofthefinstoproducetrimningmoments,whichimprovesthespoilereffec-

.

tiveness.A secondadvantageisthattheliftproduceddirectlyby the .

spoilersisinthedesireddirection.Thetotalfin@an areawas
1.5squarefeetwithanaspectratioof 2.7. Thewingareaistwicethe
finareaandthewingsaresopositionedas to givea staticmarginof

.

2 percentoftheover-allmissilelength.Themomentarmof thespoiler
controlistakenas ~ percentoftheover-alllength.Underthesecon-

.-

ditionsthespoilers(deflectedto h/c= 0.08)appearcapableoftrim-
mingthemissiletoabout14°angleofattack.Thethe topitch12°is
about0.16secondallowinglargeovershoot.__Sincetheliftingeffective-
nessoftheentiremissileisabouttwicethatofthewingsalone,the
samemaneuveringlift as that developedby theservo-controlconfiguration —
couldbe attainedhereinabout0.11second;Ontheotherhanda glance
at figure21 showsthatthefinsandwingsarelargerelativetothebcxiy;
reducingthefinsizewouldentailslowerresponsecharacteristics.
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(b)Modifiedaileronmodelswithwing-tipfencesandsaw-toothleading
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(b)Turbulentseparation,M = 5.0,R = 1.5x106,h/c= 0.08.

Figure10.-Shadowgrqhsofaileronmciklsinflight.
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(b)Turbulentsepamtion,tithhp-~i~8fences;M= 2.2,R = l.lXlos,
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Figure11.- Shadowgraphsofaileronmodelswithwing-tipfencesand
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(a)
M=.

.

Iiminar aheadof separation; (b)Turbulent
5.0,R= 2.2x108,h/c= 0.04. M= 5.0,R=

aheadof separation;
2.ZX106,h/c= 0.04.

(c)Lsminarahetiofseparation;
M= 2.2,R = 1.1~x106,h/c= 0.04.

A-20159

(d)!l?urbulentaheadofseparation;
M= 2.2,R = l.l~xl&, h/c= 0.04.

Figure13.- Shadowgraphsofringspoilermodels.



(e) Lad...aheadof separation;
M= 5.0,R = 2.2x106,h/c= 0.02.

(g)Lanti.naraheadof separation;
M= 2.2,R = 0.24M06,h/c= 0.02.

(f)
M=

(h)
M=

1

1

J!urbulentaheadof separation;
>.0,R = 2.2x10e,h/c= 0.02.

.

.

.
2.2,

Figure13.-Continued.

R= l.~los, i.1/c= 0.64.
.
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